The mechanical and thermal stability of austenite in multiphase advanced high strength steels are influenced by the surrounding microstructure. The mechanisms underlying and the relations between thermal and mechanical stability are still dubious due to the difficulty of isolating other factors influencing austenite stability. In this work, martensite/austenite microstructures were created with the only significant difference being the degree of tempering of the martensite matrix. Hence, the effect of tempering in martensite is isolated from other factors influencing the stability of austenite. The thermal stability during heating of retained austenite was evaluated by monitoring phase fractions as a function of controlled temperature employing both dilatometry and magnetometry measurements. The mechanical stability was studied by performing interrupted tensile tests and determining the remaining austenite fraction at different levels of strain. The thermal stability of this remaining austenite after interrupted tests was studied by subsequent reheating of strained specimens. The results are evidence for the first time that thermal recovery of martensite during reheating assists austenite decomposition through shrinkage and softening of martensite caused by a reduction of dislocation density and carbon content in solid solution. This softening of martensite also leads to a subsequent reduction of austenite mechanical stability. Additionally, remaining austenite after pre-straining at room temperature was thermally less stable than before pre-straining, demonstrating that plastic deformation has opposing effects on thermal and mechanical stability.
Introduction
Multiphase steels consisting of retained austenite (RA) and martensite/bainite microstructures such as transformation induced plasticity (TRIP), low temperature bainite, and quenching and partitioning steels (Q & P) are attractive candidates for the new generation of advanced high strength steels (AHSS) [1] . These steels exhibit a remarkable combination of strength and toughness which is essential to meet the objective of weight reduction of engineering components, while maintaining the compromise of tough safety requirements. Such good mechanical properties are due to the enhanced work hardening rate caused by austenite-to-martensite transformation during deformation and the strengthening contribution of martensite/bainite.
The resistance of RA to transform into martensite upon deformation, also referred as mechanical stability, is a major factor in the mechanical response of these steels. The RA can also thermally decompose into more thermodynamically stable phases as a consequence of temperature changes, which is referred to as the thermal stability of RA. The focus of this work will be on thermal as well as mechanical stability of RA. With respect to the thermal stability of RA, this work will address the structural changes of RA during heating from room temperature and further cooling. Upon heating, austenite may transform into ferrite and carbides. Moreover, although RA might remain stable in a heating process, it can decompose into martensite during subsequent quenching. Hence, thermal stability of RA is an important issue that must be considered in the performance of the material, especially if it is subjected to processes such as welding, hot dip galvanizing, paint baking, or thermal cycling during service. Understanding the factors contributing to mechanical and thermal stability of RA is crucial for the design and processing of novel steels.
The mechanical stability of RA is dependent on chemical composition (especially the carbon and manganese content) [2] [3] [4] , morphology [5, 6] and grain size [5, [7] [8] [9] of the austenite and the crystallographic orientation of this phase with respect to the loading direction [5] . Another important factor that is currently under review is the effect of the strength of the surrounding phase [2, 3, [10] [11] [12] [13] [14] . Xiong et al. [15] determined that austenite is mechanically more stable if it is surrounded by martensite than if it is surrounded by proeutectoid ferrite.
They also suggested that carbon content of the austenite plays a secondary role in the mechanical stability of austenite. A similar result was observed by Jacques et al. [12] , who referred to a mechanical 'shielding' effect of the stronger martensite during strain partitioning to explain the associated mechanical stability of austenite adjacent to martensite. Fultz et al. [11, 14] suggested that the distribution of dislocations in the martensite surrounding austenite determines the capacity of martensite to plastically deform to accommodate the volume expansion accompanying austenite to martensite transformation, and thus the stability of austenite.
The thermal stability of retained austenite is mainly related to steel composition, especially carbon content [2, 3] . Carbon content can have opposite effects on the thermal stability of RA during heating and cooling. Carbon enrichment of austenite is desired to stabilize this phase upon martensitic transformation during quenching, which is the premise of quenching and partitioning treatments [16, 17] . On the contrary, the driving force for cementite precipitation increases with the carbon content of austenite, which can result in a higher instability of retained austenite during reheating [18] . There are also indications of a dependence of the thermal stability of RA on surrounding phases [3] .
Although the mechanical and thermal stability of RA have been extensively studied, there are still some uncertainties in the factors governing them. In particular, there is not a clear link yet between thermal and mechanical stability, although there is commonality in factors that influence each, e.g. carbon content in austenite and the surrounding phases. This work focuses on the effect of martensitic microstructure characteristics on the mechanical and thermal stability upon heating of RA. Martensite/austenite microstructures were created with the only significant difference being the degree of tempering of the martensite matrix. Specifically, the dislocation density and solute carbon content of the martensite surrounding austenite were modified while maintaining a similar morphology of the martensite and volume fraction, composition and morphology of RA. Therefore, the dislocation density and carbon content of martensite are analyzed independently from other possible factors affecting stability of RA. The thermal stability of RA was evaluated by monitoring phase fractions as a function of controlled temperature employing both dilatometry and magnetometry. The mechanical stability was studied by performing interrupted tensile tests and determining the remaining austenite fraction at different levels of strain. Additionally, some specimens were reheated after interrupted tensile tests to evaluate the thermal stability of the mechanically more stable remaining austenite. Factors connecting the effect of tempering martensite on the thermal and mechanical stability of RA are proposed and discussed.
Experimental methods
The chemical composition of the steel used in this study is presented in Table 1 . The steel was received as 4 mm thick sheets in the hot-rolled condition. Cylindrical and tensile dilatometry samples, as shown in Fig. 1a , were machined from the sheet steel along the rolling direction (RD). A Bähr DIL 805 A/D dilatometer was used to carry out different heat treatments detailed in Section 3.1 and to determine dilatometry curves in both cylindrical and tensile samples.
Resulting microstructures were resolved by scanning electron microscopy (SEM) and electron back scatter diffraction (EBSD). Specimens of each heat treatment were metallographically prepared with a final polishing step of 0.05 µm using an OPS suspension for 30 min. The SEM study was made after etching with 2% Nital, using a JEOL JSM-6500F field emission gun scanning electron microscope (FEG-SEM) operating at 15 kV. For the EBSD analysis, an Oxford Instruments Nordlys II detector mounted in the same microscope was used. The acceleration voltage was 20 kV, the beam current 1.2 nA, the working distance 25 mm, the tilt angle 70°and the step size 50 nm. Acquisition and post processing of Kikuchi patterns were performed with Oxford Instruments Channel 5 software.
Vickers 1 kg micro hardness was measured with a Struers Durascan tester to characterize the degree of tempering of martensite after different heat treatments. X-Ray diffraction (XRD) experiments were also performed to estimate the volume fraction, lattice parameter, and dislocation density of different phases. A Bruker D8 Advance Diffractometer equipped with a Vantec position sensitive detector was employed, using Co Kα1 radiation (λ=1.78897 Å), an acceleration voltage of 45 kV and current of 35 mA, while the sample was spinning at 30 rpm. The measurements were performed in the 2θ range of 40°−130°, using a step size of 0.042°2 θ, with a counting time per step of 3 s. The volume fraction of retained austenite and the errors in determining the retained austenite fraction were calculated using the Jatczak model as described in [19] . The carbon concentration within the austenite, χ Cγ , was determined from its lattice parameter a γ , (in Å) as [20] :
where χ i , in wt%, represents the concentration of the alloying element i. Carbon concentration in martensite, χ Cα′ , was calculated according to [21] :
where a α' is the lattice parameter of martensite and a α =2.866 Å is the lattice parameter of a reference sample. The Nelson-Riley method [22] was used to determine the lattice parameter of austenite and martensite and the modified Williamson-Hall method was used for determining dislocation density as described in [23] .
Interrupted uniaxial tensile tests were carried out with the tensile specimens to evaluate the mechanical stability of retained austenite. An Instron 5500 machine was used to deform specimens up to different strains at an engineering strain rate of 6·10 −2 s −1
. Gauge deformation was measured with a contact extensometer set to have an initial span, i.e. gauge length, of 7.8 mm. The fraction of austenite remaining after interrupted tests was determined with XRD.
For the evaluation of the thermal stability of retained austenite, dilatometry and magnetometry measurements were performed during controlled temperature reheating experiments. Cubic specimens with an edge dimension of 2.0 mm for magnetic measurements were machined from dilatometry specimens. The in situ thermo-magnetic measurements were performed in a Vibrating Sample Magnetometer (VSM) 7307 manufactured by Lake Shore equipped with a furnace (model 73034) and calibrated with a standard NIST nickel specimen. The procedure followed is derived from the methods described in [24] [25] [26] . An austenite-free reference specimen was created by reheating the as-quenched steel to 600°C to temper the martensitic microstructure and precipitate carbides, followed by quenching in liquid nitrogen to ensure a negligible austenite fraction in the specimen.
Results

Initial heat treatments and microstructures
Three different heat treatments, detailed in Fig. 1b , were selected for this work with the aim of creating microstructures consisting of martensite and retained austenite with different degrees of tempering of martensite. These heat treatments are labelled as: (a) QP, which corresponds to a Q & P treatment in which after full austenitization, the specimen is quenched to 220°C and reheated to 400°C for 50 s, (b) QP450, which is the QP treatment followed by tempering at 450°C for . Qualitative as well as quantitative details of the microstructural evolution during the application of heat treatments were obtained from dilatometry curves and SEM micrographs as follows: Fig. 2a shows the dilatometry curve corresponding to the Q & P heat treatment. During the first quenching, 87 ± 1 vol% of martensite was formed. This value was obtained by applying the lever rule to the dilatometry data obtained after application of a full quench from the same austenitization conditions [26, 27] . A small volume expansion of 0.012% was registered during the partitioning step, showing the formation of a negligible fraction of bcc phase as a consequence of non-stationary α'/γ interfaces or austenite decomposition [28, 29] . 11.5 ± 1.0 vol% of retained austenite was measured by the magnetometer after the QP treatment; thus, the fraction of fresh martensite formation during second quenching is estimated to be 1.5 ± 1.0 vol%, a fraction that is too small to be detected in the dilatometry curve. The SEM micrograph in Fig. 2b shows a microstructure consisting of lath martensite and retained austenite. Needle-type carbides grew along specific habit planes within martensite blocks substructures in the QP specimen, most likely as a result of tempering during the partitioning step.
QP450 condition
No indication of phase transformation was apparent in the dilatometer data during reheating after the Q & P step in QP450. The dilatometer data during reheating are shown in Fig. 2c ; the change in length was due to the typical volume change associated with lattice thermal expansion. The change in length as a function of holding time at 450°C is also shown in Fig. 2c . An increase of 0.016% in length was registered in the beginning of the isothermal holding at 450°C, and then the length decreased continuously until the end of the holding step (Fig. 2c) . The first increase in length is probably associated with a slight austenite decomposition and possible bainite formation (less than 1%), whereas further contraction may indicate carbide precipitation in the martensite or other microstructure recovery mechanisms. Somani et al. [30] suggested that at high partitioning temperatures up to 450°C, martensite tempering competes with partitioning, which is reflected in a contraction in the dilatometry curve similar to the observations in the present paper. During quenching, there is no sign of fresh martensite formation in the dilatometry curve. Needle type carbides are vaguely distinguished in the SEM micrograph of the final microstructure in Fig. 2d ; some spherical carbides are sporadically observed. Overall, the microstructure resembles that of the QP condition.
QP700 condition
The dilatometry data for the reheating step to 700°C are shown in Fig. 2e . Only a slight deviation from the typical change in length associated with thermal expansion was observed around 475°C. There are multiple mechanisms explaining this contraction that will be further discussed. In the temperature range between 675°C and 700°C, a slight shrinkage deviating from the ferrite thermal expansion indicates the possible formation of around 1% of austenite according to the application of the lever rule to the full ferrite to austenite transformation dilatometry curve. No sign of martensite formation is observed in the change in length curve during subsequent quenching. Spherical carbides decorating various martensite boundaries were formed in the QP700 condition as shown by the SEM micrograph in Fig. 2f . Similar RA fractions resulted after different heat treatments as deduced from VSM measurements compiled in Table 2 ; the measured RA fractions were 11.2 ± 2%, 11.5 ± 2%, and 9.4 ± 2% for the QP, QP450, and QP700 conditions, respectively. These results agree with the dilatometry measurements. In Fig. 3a -c, EBSD band contrast maps combined with phase maps are shown. Blue and yellow colors correspond to bcc and fcc lattices, respectively. Part of the austenite is film-type with an elongated shape, and it is situated between martensite blocks. Block-type austenite, situated in the junction of prior austenite grains boundaries, is also visible. According to the EBSD measurements, the fraction of austenite of QP, QP450 and QP700 specimens is 0.022, 0.012 and 0.002, respectively. Subtracting these values from the total austenite fraction measured by magnetic measurements, the fraction of austenite regions having a thickness of less than 50 nm (step size of the EBSD scan) is estimated as 0.090, 0.103 and 0.092 for QP, QP450 and QP700 specimens, respectively. This austenite is assumed to be film-type. It should be noted that the EBSD maps did not cover a large region and were not considered a strong statistical representation of the volume fraction of retained austenite. However, comparing these results in the context of the present microstructures, the size and morphology of the austenite phase are considered equivalent in all specimens.
Independently of the heat treatment, the mean carbon concentration measured in RA by XRD was approximately 0.9 wt% (see Fig. 4a ). The large uncertainty of the carbon concentration value comes from the high sensitivity of lattice parameter to interstitial carbon, which is affected in the same manner in all specimens by the XRD instrumental measurement error of the lattice parameter.
Therefore, it can be concluded that the applied heat treatments result in martensite/austenite microstructures with similar morphology and fraction of phases and with a similar C content in austenite. The effect of the different tempering conditions in martensite is evaluated in Section 3.2.
Degree of tempering of martensite in initial microstructures
In the previous section, differences in carbide precipitation between the conditions was observed, which indicates a different degree of martensite tempering. In the QP specimen, some carbon segregation to defects and carbide precipitation occurred in martensite in the absence of a tempering step. In the QP450 specimen, the holding at 450°C and prolonged holding time likely promoted more carbon segregation in martensite and possibly partial recovery of dislocations in martensite. The recovery of dislocations and carbon segregation in martensite is expected to be most advanced in the QP700 condition during reheating to temperatures close to the intercritical region.
To evaluate the extent of the effect of different tempering conditions on the martensite microstructure, various techniques were employed:
• The carbon content and dislocation density of martensite in different specimens were evaluated by XRD. The results are shown in Fig. 4a & b. Assuming a total of 0.2 wt% C in the steel and using the measured C concentration of martensite and austenite phases weighted by their volume fraction, the carbide fraction in each specimen was also calculated. The slight changes in length during isothermal holding of the QP partition stage at 400°C, QP450 tempering stage at 450°C, and reheating stage in QP700, suggest a fraction of bainite formation of less than 0.02 in all specimens, and thus the influence of bainite on the mass balance of carbon was neglected.
• EBSD kernel average misorientation (KAM) maps, as shown in Fig. 3d -f, were also analyzed. KAM maps indicate short-range orientation gradients within individual grains. Local changes in the lattice orientation reflect lattice curvature that can be associated with residual strain and geometrically necessary dislocations (GNDs) [31, 32] . Different levels of KAM are observed within the martensite blocks in all specimens, which is indicative of the heterogeneity of strain developed through the microstructure. KAM frequency distribution curves, shown in Fig. 5 , illustrate the differences between the different conditions.
• Microhardness measurements are shown in Fig. 4b . Hardness decreases as the dislocation density, also shown in Fig. 4b , and carbon content decrease in martensite, as these are the main strengthening factors. Data from all of the aforementioned characterization procedures are summarized in Table 3 , and are discussed next:
QP condition
During the partitioning step in the QP treatment, martensite partially tempers as deduced from the presence of carbides. The QP condition has the highest concentration of carbon in martensite and the lowest volume fraction of carbides of all three specimens. The high average KAM, of both austenite and martensite, reflects the high residual strain and dislocation density developed during martensite transformation in quenching. These results are supported by the highest dislocation density in martensite, measured by XRD, among all conditions and suggest that the recovery during the partitioning step at 400°C is much less than the other heat treatment conditions. The QP condition leads to the highest hardness due to the high C content and dislocation density.
QP450 condition
Reheating to 450°C for 30 min in the QP450 condition thermally affects the martensite more than QP, but not as much as in QP700. This deduction is made considering that the carbon content in martensite, estimated carbide precipitation, dislocation density, and average KAM values for QP450 were in between the QP and QP700 conditions. The less perceptible needle-type carbides in SEM micrographs (Fig. 2d) suggest carbide dissolution and eventually the start of carbide spheroidization. Part of the dissolved C may be partitioned to austenite. The hardness was reduced compared to the QP condition as a consequence of the decrease of both carbon content in solution and dislocation density in martensite. The decrease of the average KAM of austenite in QP450 specimen compared to QP specimen may be explained due to the strain recovery in martensite (also deduced from a reduction of average KAM in martensite), which would reduce the hydrostatic pressure upon the austenite phase. KAM reduction in austenite may also be a consequence of a thermally activated dislocation density recovery and reorganization of GNDs in austenite during the isothermal treatment at 450°C.
QP700 condition
Martensite in QP700 specimen was the most thermally affected. The higher reheating temperature promotes carbide spherodization and growth, and dislocation recovery. This is deduced from the microstructure and the lowest solid solution carbon content in martensite, the highest fraction of carbides, and the lowest dislocation density and average KAM. This combination of factors results in the lowest hardness. The negligible fraction of austenite phase detected by EBSD did not allow the KAM value of austenite to be compared to the other conditions.
Thermal stability of RA in initial microstructures
The thermal stability of RA in QP, QP450, and QP700 was evaluated by further reheating the specimens at 5°C/min to 600°C in the dilatometer and magnetometer. The resulting derivative of the change in length and the austenite fraction with temperature curves are represented together in Fig. 6 . A correspondence between both curves was observed; whenever there is a remarkable change in slope in the derivative of the dilatometry curve, a detectable change in austenite fraction is observed with the magnetic measurements, which is indicated by dashed lines in Fig. 6 . In the following text, these curves are interpreted and the austenite thermal stability upon heating is discussed.
Specimen QP
The austenite decomposes in two stages. The first stage begins at approximately 270 ± 5°C in the magnetometer curve, which coincides approximately with an inflection in the dilatometer derivative curve followed by a plateau (indicated by first vertical dashed line from left in Fig. 6a) . However, the increase in slope expected for austenite decomposition is barely observed. This can be explained by the overlap between decomposition of austenite of only 1.3 ± 1.0 vol% and precipitation of carbides, as will be contrasted later with the observation of the austenite decomposition peak in the QP700 condition. At approximately 410 ± 5°C, the austenite fraction stabilizes with temperature. Above this temperature, an abrupt valley begins to develop in the derivative curve. The second stage of austenite decomposition begins at 475 ± 5°C according to the magnetometer measurement, coinciding with the minimum of the derivative curve. Neglecting the effect of precipitation of carbides in the magnetic saturation, a total of 5.1 ± 1.0 vol% of austenite is decomposed at 600°C.
Specimen QP450
Unlike the other conditions, austenite decomposes in a single stage in the QP450 condition. The austenite fraction remains relatively constant until 445 ± 5°C. At this temperature, the slope of the derivative curve turns negative. The onset of this event is slightly shifted to a higher temperature and the depth of the valley is considerably lower compared to QP condition. Coinciding with the valley minimum at 485 ± 5°C, the austenite fraction begins to decrease. A total of 3.2 ± 1.0 vol% of austenite was decomposed at 600°C. Table 3 Carbon content (χ C ), carbides, dislocation density (ρ dis ) and average KAM (KAM Avg. ) of martensite and HV microhardness for different specimens. 
Specimen QP700
Austenite decomposes in two stages in the QP700 condition, similar to the QP condition. In this case, the first stage begins at a lower temperature, 250 ± 5°C, coinciding with an inflection in the derivative curve. Around 1 ± 1 vol% of austenite is decomposed, very similar to the QP condition. Austenite decomposition is more obvious in the derivative curve compared to the QP condition. An increase of slope is observed and a peak is clearly developed, with a peak maximum occurring at 330 ± 5°C. Since a large fraction of C is assumed to have already formed carbides after the QP700 treatment according to the calculations presented in Table 3 , the expansion associated with austenite decomposition upon reheating is detectable in the derivative curve since it was not offset by carbide precipitation. Precipitation of carbides in ferrite resulting from austenite decomposition is not to be discarded, which causes a negative slope in the derivative curve. Coinciding with this peak maximum, the austenite fraction stabilizes. The higher temperature tail of the derivative peak (430 ± 5°C) is associated with the second austenite decomposition stage, at which point the austenite fraction gradually decreases leading to a total of 2.6 ± 1.0 vol% of austenite decomposed at 600°C.
Mechanical stability of RA in initial microstructures
The evolution of the retained austenite fraction with increasing strain was determined via XRD measurements after interrupted tensile tests, and the results are shown in Fig. 7 . The remaining austenite values after 2% of elongation are shown in Table 2 . The decay of RA fraction moderates with strain. This decay is typical in Q & P steels and is commonly described as exponential [3, 5, 13] .
Differences in the austenite mechanical stability are clearly observed in the different conditions. The mechanically most stable austenite is found in the QP condition with the hardest martensite, followed by QP450 and finally QP700, in which the softest martensite corresponds to the mechanically least stable austenite. As will be described below, the differences in mechanical stability are related to the degree of tempering of the martensite.
Thermal stability of the remaining austenite after straining
After interrupted tensile tests to 2% elongation, QP, QP450 and QP700 specimens were reheated at 5°C/min to 600°C in the magnetometer. Fig. 8a -c compare the austenite fraction evolution of strained and non-strained specimens with temperature during the heating process. Table 2 shows the fraction of the remaining austenite at 600°C with and without prior deformation to 2% strain.
Strained specimens shows similar evolution of austenite decom- 
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position with temperature to the descriptions in Section 3.2 for nonstrained specimens, except the 2% strained QP450 condition, where austenite decomposes in two stages upon subsequent reheating. The main difference is that the onset and finish of the first austenite decomposition stage, first and second arrow from left in Fig. 8 respectively, are displaced to lower temperatures in all strained conditions. The onset of the second decomposition stage, third arrow from left in Fig. 8 , occurs at almost the same temperature in the strained and non-strained conditions in the case of QP and QP450. In the QP700 condition, there seems to be a shift of this onset to higher temperatures after straining.
Discussion
Austenite thermal stability as a function of martensite tempering
The results of Section 3.3 show that during reheating of martensite/ austenite microstructures, martensite tempering facilitates austenite decomposition. The RA austenite grain size, morphology and specifically C concentration are similar in all specimens, which in principle should lead to equivalent austenite thermal stability. However, as deduced from dilatometry and magnetometry results, decomposition of austenite begins at different temperatures in the QP, QP450 and QP700 conditions. There are also variations in the fraction of austenite decomposed up to 600°C. These differences are a result of differences in the surrounding martensite, as will be discussed in this section.
One interesting result is the observation of two austenite decomposition stages in the QP and QP700 non-strained conditions, but a single decomposition stage in the QP450 non-strained condition. Koopmans et al. [26] also observed two-stage decomposition of austenite during reheating after different Q & P treatments and the suppression of the lowest temperature stage when the partitioning time is increased. The authors hypothesized that a longer partitioning time allows better homogenization of C in austenite, leading to more uniform austenite stability. Although similar values of carbon concentration are measured in the austenite of the different specimens in the present study, heterogeneities in C concentration may exist. For example, in the QP condition, austenite regions near the interface with martensite are more likely to be more enriched in C than the interior of the grains and thus are more prone to decompose to ferrite and carbides. In the QP450 condition, the isothermal treatment for 30 min at 450°C homogenizes the austenite C concentration, while keeping the fraction of this phase stable.
In the case of QP700 specimen, despite the higher C diffusivity at 700°C, the relatively rapid heating may be enough to avoid complete C homogenization through austenite. The high temperatures reached promote decomposition of austenite and formation of carbides, which is shown by the lack of large austenite grains in EBSD maps and the observation of spherical carbides decorating martensite blocks and prior austenite grain boundaries. However, indication of new austenite formation is detected near 700°C. This formation of austenite can explain the similar fraction of RA in QP700 conditions regardless of previous austenite decomposition. Freshly-formed austenite is hypothesized to grow from thermally stable film-type austenite situated between tempered martensite laths or from reverted transformation of ferrite-cementite regions [33] . Austenite forming from different sites can be another source of compositional heterogeneity that can explain the two stages of austenite decomposition in the QP700 condition.
Prior to the second decomposition stage during reheating, a sharp valley is observed in the derivative of dilatometry curve of QP condition, which decreases in size as the tempering effectiveness of QP450 and QP700 increases. This contraction deviating from thermal expansion can arise from a number of mechanisms: i) volume change due to loss of dislocation density during recovery and recrystallization [34] , ii) dissolution and spherodization of carbides, iii) precipitation of cementite and iv) relaxation of residual stresses from martensitic transformation. Indications of some of these phenomena were already observed before reheating in QP450 and to a larger extent in QP700; thus, during reheating they manifest less intensively in dilatometry results. In all conditions, the onset of the second austenite decomposition stage coincides with a change in the slope in the derivative curve, likely a result of simultaneous continued shrinkage of the tempered martensite and expansion due to austenite thermal decomposition. The onset in QP and QP450 does not differ greatly in temperature and falls within the measurement uncertainty, but is shifted to lower temperature in the QP700 condition. At temperatures higher than the onset temperature, austenite decomposes rapidly in the QP and QP450 conditions, but more gradually in the QP700 condition. In this order, the QP, QP450, and QP700 conditions go from higher to lower dislocation density and C content in martensite and from higher to lower strain heterogeneities as observed with KAM. This sequence also coincides with the sequence of decreasing austenite fraction decomposed during the second decomposition stage of austenite at high temperature during reheating. Therefore, thermal stability of RA at high temperature correlates with the previous conditions of the tempered martensite.
Assuming that there are no large differences in the carbon content of the austenite, a possible cause for the differences in thermal destabilization of austenite is softening of martensite. Because carbon segregation and dislocation recovery are most extensive in the QP700 condition before reheating, the martensite is softer than in the QP and QP450 conditions. The measured hardness differences between the conditions reflect the different degrees in martensite tempering. Hence, martensite in the QP700 condition is more prone to plastically deform to accommodate the volume expansion due to austenite decomposition explaining the shift in the initial onset of austenite decomposition to a lower temperature. In addition, martensite shrinkage due to tempering has a similar effect on austenite stability as there is a corresponding decrease in the hydrostatic pressure imposed by martensite on austenite. The lesser the degree of previous martensite tempering, the higher the shrinkage of martensite during reheating, which enhances austenite stability. The influence of these factors on RA stability are further discussed in following section.
Austenite mechanical stability as a function of martensite tempering
The hardness is the highest in the QP condition and the lowest in the QP700 condition, which show the highest and the lowest mechanical stability of austenite, respectively. Hardness can be related to the strength of the martensite, both being dependent on the solute C content and dislocation density recovery in martensite due to tempering. The solute carbon content and dislocation density in martensite are the highest in QP, followed by QP450 and QP700.
It can be assumed that with higher yield strength (YS) of martensite surrounding the austenite, there is more resistance of the martensite in accommodating the volume change accompanying the austenite to martensite transformation, increasing the stability of austenite. This interpretation has also been used to explain the effect of the phases surrounding austenite on mechanical stability of austenite TRIP steels [15] .
Apart from its capacity to accommodate austenite volume expansion resulting from transformation, the surrounding martensite can influence austenite mechanical stability in other ways. During martensite formation, a hydrostatic pressure is developed within the remaining austenite particles as a result of the volume expansion associated with martensite formation. Since the volume expansion is resisted by the surrounding microstructure, there is resulting residual strain in martensite. This behavior can be seen in the KAM maps of different specimens that show large strain heterogeneities within the martensite microstructure, particularly concentrated in regions near martensite block boundaries where austenite is normally present. A high hydrostatic pressure within austenite supresses the martensitic transformation as the process requires volume expansion [2, 35, 36] , which leads to an increase of the mechanical stability of the austenite. In the present work, the mean KAM of martensite and RA is lowered together with a reduction of the mechanical stability of austenite, from QP to QP450 and QP700 conditions, which supports the idea that the hydrostatic pressure developed within austenite particles is a factor influencing mechanical stability.
Recovery of residual strain in different conditions due to tempering is correlated with a reduction of KAM values. This process is most likely accompanied by a reorganization or coalescence of GNDs near grain boundary regions. This reorganization and coalescence of dislocations may also cause a loss of the coherence of the martensite/austenite interfaces that may favor the nucleation of martensite and thus reduce the stability of RA. Fultz et al. [11, 14] discussed that the energy changes associated with the reduction of the interface coherency during tempering are rather small, and martensite nucleation is mainly influenced by the dislocation structure that forms around austenite surface. The more extended type of dislocation structure in the tempered martensite should require less formation energy to accommodate a given transformation volume, decreasing RA mechanical stability. This assertion agrees with the results of the present study and emphasizes the importance of dislocation recovery in martensite during tempering on the mechanical stability of RA.
Austenite thermal stability after strain application
The application of plastic strain during the interrupted tensile tests results in dislocation multiplication, likely in both austenite and martensite to different degrees (strain partitioning). The martensite strengthens and the dislocation structure at the interface of the untransformed austenite will change, especially if freshly formed martensite results from partially transformed austenite grains. The new freshly formed martensite likely provides an extra mechanical stabilization of RA. However the remaining untransformed austenite is less thermally stable than the non-strained conditions. Remaining austenite in QP450, which only destabilizes at high temperatures in non-strained conditions, decomposes in two stages after straining. There is also a visible increase of the austenite decomposed during the first stage in the QP condition. Additionally, the onset temperature of this first stage is shifted to lower temperatures, and thus, it is concluded that mechanisms linked to the low temperature decomposition of austenite are activated with application of strain.
Qiao et al. [37] studied the effect of cryogenic treatments on the thermal stability of austenite during subsequent tempering processes in a high carbon steel. They pointed to an increase of dislocation density in RA to explain a decrease of the thermal stability of RA at temperatures below 200°C during heating. However, a mechanism explaining this change in stability was not provided. Fig. 9 . shows that the full width half maximum (FWHM) of the {200} austenite peak broadens in all conditions after application of strain, which is an indication of a dislocation density increase. The dislocation density increase correlates with a decrease of austenite stability at low temperatures in strained specimens in agreement with the observations of Qiao et al. [37] . Due to the low intensity of austenite peaks, a reliable value of dislocation density in austenite could not be estimated by XRD. The peak broadening could also be a consequence of decreasing austenite grain size due to mechanical transformation, which also relates to mechanical strengthening.
After straining, the introduction of dislocations explains the appearance of the first austenite decomposition stage in strained QP450 condition. Defects such as dislocations and shear bands in austenite can contribute to the nucleation and formation of martensite. He et al. [38] pointed out that the pile up of GNDs at prior austenite grain boundaries after small plastic deformation promotes the formation and development of martensite embryos, resulting in an increase of the martensite start temperature, M S . However, at large plastic deformation the introduction of dislocation debris can mechanically stabilize the austenite due to the hindering of necessary movements of glissile martensite-austenite interfaces during transformation [39] , which is reflected in a decrease of M S . In the present study, it can be assumed that 2% deformation is not large enough to promote mechanical stabilization of austenite since at higher strains, austenite mechanical decomposition is still observed. However, the increase of dislocation density and thus de density of nucleation sites, can explain why the onset of the first decomposition stage is displaced to lower temperatures in strained specimens.
The onset of the second austenite decomposition stage occurs at approximately 480°C in all strained conditions. This onset coincides with the non-strained condition in QP and QP450, but the onset for strained QP700 is shifted to higher temperature. This increase can be attributed to strengthening of martensite due to dislocations introduced during plastic deformation, consolidating the idea that capacity of martensite to accommodate volume expansion during austenite transformation plays a crucial role in the thermal and mechanical stability of austenite. However, these results also indicate that 480°C is an austenite decomposition onset limit regardless of previous state of surrounding martensite. The total austenite decomposition at 600°C is also very similar for strained and non-strained specimens. This similarity suggests that factors affecting the second stage of austenite decomposition at high temperatures are independent of the microstructure variations produced by strain, both in austenite and martensite. Most likely, high temperatures provide a more effective dislocation recovery though tempering, thus essentially generating the same microstructures in the strained and non-strained conditions.
Conclusions
Similar austenite/martensite microstructures were created with the only difference in dislocation density and C concentration in solution in martensite, which varied depending on the degree of tempering. From the thermal and mechanical stability studies, it was concluded that differences in the surrounding martensite influence the thermal and mechanical stability of the retained austenite:
• The austenite decomposition during reheating commonly occurs in two stages: (1) The decomposition at low temperatures is associated with heterogeneities in carbon concentration in austenite. (2) At high temperatures, the lesser the previous tempering of martensite, the higher fraction of austenite decomposed at this second stage, which suggests that thermal recovery of martensite assists the process of austenite decomposition. Shrinkage of martensite during reheating destabilizes austenite by reducing the hydrostatic pressure resisting retained austenite decomposition.
• As the dislocation density and carbon content of martensite decrease due to tempering, the strength of martensite decreases. Recovery of residual strain is shown by kernel average misorientation, most likely accompanied by a reorganization or annihilation of geometrically necessary dislocations. The recovery increases the capacity of martensite to accommodate the volume expansion of austenite transformation with strain, resulting in lower mechanical stability of austenite.
• Subsequent reheating of strained specimens shows that during the first decomposition stage remaining austenite is destabilized at lower temperatures and more transformation occurs than in nonstrained conditions. This is explained by an increase of dislocation density in remaining austenite due to strain, which provides more nucleation sites for transformation. During the second decomposition stage, small differences are observed in the austenite decomposition behavior between strained and non-strained specimens, which indicates that factors affecting austenite decomposition at high temperatures are independent of microstructure variations produced by strain.
